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Abstract

Color blindness affects nearly 10% of the entire population, with multiple types of color
blindness from various genetic mutations. In the following sections, the nature of light and how
the human eye perceives light will be discussed. Afterward, the major forms of color blindness
and their genetic causes will be considered. Once these genetic causes have been established, the
current method for diagnosing color blindness will be investigated, followed by a discussion of
the current treatments available to those with color blindness. Finally, a brief discussion will
address possible future work for color blindness with the hope of finding better treatments and a
future prevention.
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Causes of Color Blindness: Function and Failure of the Genes that Detect Color
Introduction
Without the human eye’s ability to detect color, the world would appear as dull as a black
and white movie. However, despite our ability to detect color, not all humans perceive the same
colors as one another. Some individuals may find it difficult to distinguish between particular
colors of light while much of the population finds it relatively easy. This phenomenon is known
as color blindness, and it has many different forms and causes. Color blindness affects nearly 8%
of all males and about 0.5% of all females 1. Color blindness was first reported by John Dalton in
1794 when he observed how he and his brother perceived color compared to other people. He
concluded that the colors he and his brother perceived were different from other observers.
Dalton went on to theorize that this unique color perception was due to a slight blue tint of his
vitreous humor 2. When Dalton died, his eyes were examined to find out that the specific type of
color blindness he had experienced was called deuteranopia (making it difficult to distinguish
reds from greens) 3. It is known today that color blindness has nothing to do with the vitreous
humor, but rather with the cones located on the retina of the inner eye. However, to understand
the different forms and causes of color blindness, it is first essential to understand how light
works.
What is Light?
The electromagnetic spectrum (EMS) is the term for the full range of electromagnetic
waves (Figure 1). All forms of light, both visible and invisible, fall somewhere along this
spectrum and can be further divided into seven main categories depending on wavelength (λ) and
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frequency (ν). The category with the longest wavelengths and lowest frequencies are radio
waves, followed by microwaves, infrared rays (IR), the visible spectrum, ultraviolet rays (UV),
X-rays, and finally gamma rays. While the entire EMS spans nearly 1024 m, the visible light
spectrum range is 400-700 nm (4.0 X 10-7 – 7.0 X 10-7 nm), which accounts for only 300 nm (3.0
X 10-7 m) in total (Figure 2). It is in this small spectrum that all the colors that the human eye
perceives are located.
Within this visible spectrum, all the colors of the rainbow can be found (red, orange,
yellow, green, blue, indigo, and violet). As the wavelength of light increases, the color of light
observed by the human eye changes. The human eye can detect a wavelength change as small as
2nm which gives rise to about 150 unique wavelengths of light 4. These individual wavelengths
can then be combined to create over 7,000,000 different, detectable colors 5. Since both
frequency and energy are inversely proportional to wavelength, as the wavelength of light
changes, so does the frequency and energy. Starting at the highest wavelength and lowest
frequency side, the color red is observed, followed by orange, yellow, green, blue, and finally
violet. Therefore, of all the colors the human eye can detect, violet light has the highest
frequency and thus the highest energy, and red light has the lowest frequency and thus the lowest
energy.
Among all the different types of lights we have today, the sun is one of the only forms of
natural light that exists (a few others would be fires, fireflies, etc.). The light rays that are emitted
from the sun are white in color, which is the combination of all the colors of the visible light
spectrum combined into one. According to NASA, as viewed from space, the sun is actually
white in color, but due to our earth’s atmosphere, some of the light rays get scattered, leading to
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the sun appearing yellow from earth 6. When a beam of white light from the sun hits for example
a blade of grass, all the colors of the visible light spectrum are absorbed into the blade of grass
except for light rays around 570 nm in length. These light rays, which are seen by our human eye
as green, get reflected onto our eyes and our brain uses these light rays to process an image. For
objects such as a piece of paper that appear white, all the light rays are being reflected evenly
into our eyes and none of them are being absorbed by the paper. On the other hand, objects that
appear black absorb all the different wavelengths of light, leaving nothing to be reflected into the
eye. In fact, in the truest definition, black is not defined as a color for this very reason, but rather
the absence of color.
How the Human Eye Detects Light
When light from the outside world gets reflected into the eye of a normal functioning
individual, the light passes through the pupil and hits the lens. The lens focuses this light onto the
back of the eye which is composed of a layer of cells called the retina. The retina has 3 distinct
layers – the photoreceptor layer, bipolar layer, and the ganglion layer – which transmit light from
the retina into an action potential that gets sent to the optic nerve and eventually to the occipital
lobe of the brain for processing 7, 8. As light hits the retina, it first must pass through the ganglion
cells located on the innermost part of the eye. The light then passes through the bipolar cells and
finally to the photoreceptors where it gets detected (Figure 3). The photoreceptor layer of the
retina is composed of rods which detect brightness and cones which detect color. The rods are
distributed mainly along the outer edges of the retina which allows for better detection of images
along the peripheral visual field. The cones are located mainly in the fovea centralis – a small
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central spot positioned on the retina 9. This allows for the greatest color detection/differentiation
on the object being focused on by the eye.
Three different types of cones each have specific proteins that are highly sensitive to
blue, green, or red light referred to as S-cones, M-cones, and L-cones respectively (Figure 4) 10.
These cones are similar to how a computer is designed with red, green, and blue light (RGB) that
can individually be increased or decreased to display all the different colors of the visual
spectrum. The specific proteins found in these cones are forms of a protein known as photopsin
that are highly sensitive to a specific wavelength of light (short, medium, or long). It is this
combination of cones that allow the human eye to detect light across the entire visual spectrum.
Based on the relative levels of activity of the S-cones, M-cones, and L-cones, all the colors of the
visual spectrum can be observed 11, 12. However, if one of these cones becomes nonfunctional,
much of the color observed in the visual field can become altered.
Three different genes provide the instructions for making the specific photopsin proteins
found within each of the 3 different cones. These genes are opsin 1 short wave gene (OPN1SW)
which makes the photopsin for short wave, blue/violet light, opsin 1 medium wave gene
(OPN1MW) which makes the photopsin for medium wave, green light, and opsin 1 long wave
gene (OPN1LW) which makes the photopsin for long wave, red light 13-15. The OPN1SW gene is
located on the long arm of chromosome 7 at position 32.1 (7q32.1) 13, while the locations of both
the OPN1MW and the OPN1LW genes can be found on the long arm of the X chromosome at
position 28 (Xq28) 14, 15.
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As light is channeled onto the retina from the lens, both rods and cones absorb the photon
energy and initiate nearly an identical chemical cascade that converts the light into an
appropriate action potential (Figure 5). One of the only differences between these cascades in
photoreceptors are the unique opsins that initially detect the light which were previously
mentioned 10. Interestingly, when light enters the eye, it stops the inhibition of the visual
pathway, allowing the brain to detect the light. As light enters the eye and hits the retina, specific
opsins (short, medium, or long) are activated according to the specific wavelengths of light
hitting the retina. The S-cones will only activate its chemical cascade if short wavelength,
blue/violet light is present. This is the same for both the M-cones and L-cones as well.
When a specific wavelength of light is present, it will travel into the respective cones and
hit iodopsin. Iodopsin is composed of iodine and the specific light sensitive protein with retinal
bound to the photopsin 16. The light will convert 11-cis retinal into all-trans retinal which opens
the binding site on photopsin. Photopsin then activates a protein called transducin which
activates phosphodiesterase (PDE). Phosphodiesterase breaks down cGMP which causes cGMP
gated channels transporting Na+ and Ca2+ into the cell to close. This hyperpolarization of the
cone causes voltage gated Ca2+ channels to close, which inhibits the release of a neurotransmitter
known as glutamate to be released into the bipolar cells. Under normal conditions where no light
is present, glutamate is continually being sent from the cones to the bipolar cells, acting as an
inhibitor of an action potential. However, once light enters the cones, the glutamate being
released from those cones becomes inhibited. This inhibition of glutamate into bipolar cells
causes a stimulatory response in the bipolar cells which causes these cells to release large
amount of glutamate into the ganglion cells. This increase of glutamate in ganglion cells
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stimulates an increase in action potentials in the ganglion cells which gets sent to the optic nerve
and finally up to the occipital lobe of the brain for processing 17.
Major Forms of Color Blindness
The two main categories that different forms of color blindness can be grouped into are
referred to as red-green color blindness and blue-yellow color blindness. Between these two
groups, red-green color blindness is far more common than blue-yellow color blindness.
Individuals with red-green color blindness find it difficult to distinguish between reds and
greens, while individuals with blue-yellow color blindness have difficulty distinguishing blues
from greens, and yellows from reds 18. In addition to these two main categories of color
blindness, there is also a third, less common category known as complete color blindness which
typically consists of no visual colors being observed and is extremely rare 18, 19.
Red-green Color Blindness
Deuteranomaly
Of all the varying forms of red-green color blindness – and color blindness in general –
deuteranomaly is by far the most common. Deuteranomaly is a form of color blindness where
greens appear redder (Figure 6). Deuteranomaly affects nearly 5% of all males and around 0.35%
of all females 20. Both the red photopsin gene and the green photopsin gene are located on the X
chromosome and are positioned in a head-to-tail tandem array 21. The proximity of these two
genes, the fact that they are on the X chromosome, and the fact that color blindness is a recessive
disorder are all factors that make deuteranomaly the most common form of color blindness;
particularly among males.
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This form of color blindness is caused by malfunctioning green cones that have their peak
sensitivity shifted toward red cones 20. This increased overlap between the red and green cones
makes it difficult to distinguish hues of color that have excessive overlap (Figure 7B).
Particularly with deuteranomaly, greens are harder to distinguish than reds. Therefore, when red
hues of light enter the eye, they get detected by the normal functioning red photopsin cones, but
some hues of red also get detected by some malfunctioning green cones. Alternatively, when
hues of green light enter the eye, some of the cones are not activated since the peak sensitivity of
green cones has been shifted toward the red cones. This creates an altered form of color since it
is the ratio of cone activity that causes a signal to be sent to the brain for processing.
While both the red and green photopsins are created by head-to-tail tandem genes,
research has indicated that these malfunctioning green cones are not caused by either the green
photopsin gene or the red photopsin gene, but rather by a 5’-green – red-3’ hybrid gene that
becomes expressed in a particular way 21. This 5’-green – red-3’ hybrid gene is not necessarily
the cause of deuteranomaly because it has also been found in individuals who have normal color
vision (Figure 8A). However, the way in which this gene is expressed seems to indicate its
efficacy in creating deuteranomaly.
In a study conducted by Hayashi, Motulsky, and Deeb, 10 male individuals with either
deuteranomaly or deuteranopia (complete absence of green cones), were studied to determine if
the position of the 5’-green – red-3’ hybrid gene had any connection with deuteranomaly. These
researchers discovered that out of all ten subjects, the 5’-green – red-3’ hybrid gene was always
located in the second position, while the first position was always occupied by the red photopsin
gene (Figure 8B) 21. In addition, 2 individuals with a 5’-green – red-3’ hybrid gene in their
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genotype with a normal phenotype had the 5’-green – red-3’ hybrid gene located at the third
position (Figure 8A). Therefore, Hayashi, Motulsky, and Deeb concluded that only the first two
genes become expressed in humans, leaving the third gene inactivated. These findings are
consistent with a previous research article that both Motulsky and Deeb were a part of where the
researchers sought to determine the expression of both the red and green photopsin genes. It is
known that there is a single red photopsin gene located upstream of multiple green photopsin
genes which can be found on normal individuals 22. However, it was unclear how many of these
green photopsin genes were being expressed in individuals with normal color vision. Therefore,
researchers analyzed sequences of mRNA from red- and green-specific photopsin genes and
compared them with the respective genomic DNA sequences to find that only one green
photopsin pigment gene was being expressed 23. These researchers suggested that a control-like
protein located around 3.8 kilobases upstream of the transcription start site (TSS) of the red
photopsin gene controlled the transcription of a single mRNA from the multiple green photopsin
genes present in the genome. The conclusion of the study showed that individuals with a 5’green – red-3’ hybrid gene do not necessarily develop deuteranomaly, but only when the 5’green – red-3’ hybrid gene is located just downstream of the red photopsin gene 23.
These findings support the observation made by Jørgensen, Deeb, and Motulsky that
molecular abnormalities (e.g. the 5’-green – red-3’ hybrid gene) were seen 2 times more than the
phenotypic color vision defects in Caucasians. For African Americans, the largest molecular
defect was the 5’-green – red-3’ hybrid gene and these molecular defects were found the be 5
times more prevalent in individuals than the phenotypic color vision defects 24.
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Further evidence supporting these findings show that individuals with normal color
vision have been detected to have a 5’-green – red-3’ hybrid gene located within the genome in
addition to an individual with a point mutation on one of the green photopsin genes known to
cause a form red green color blindness which had perfectly normal color vision 25, 26. While
unusual, these findings fall in line with the theory of only having a single red and a single green
gene being expressed if the 5’-green – red-3’ hybrid genes or the green photopsin gene with a
point mutation were located downstream of the normal red gene and normal green gene coding
for the respective photopsins.
Protanomaly
Another form or red-green color blindness is protanomaly, which is also referred to as
“red-weakness”. It is estimated that around 1.08% of males have protanomaly while only about
0.03% of females display protanomaly 27. As the name may suggest, protanomaly causes
individuals with this form of color blindness to have a difficult time detecting the saturation and
brightness of red hues, thus leading to “red-weakness” 28. This red-weakness found in
protanomaly patients affects other colors of the color wheel such as yellow, yellow-green, and
orange which all appear more green, and also more pale when compared to a normal vision
individual since the red tones are harder to detect (Figure 6) 29. In addition, individuals with
protanomaly may also mistake reds for blacks since they have their visual field darkened at the
red end of the spectrum 30.
Both Protanomaly and Deuteranomaly fall under the category of anomalous trichromats.
This is because in both types of color blindness, all three types of cones are still present
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(therefore receiving the name trichromats), but in each case, one of the three cones is
mutated/defective (therefore the name anomalous is given). In the case of protanomaly, the longwavelength, red photopsin gene is mutated, giving rise to the abnormalities found among
individuals with protanomaly. In addition, as mentioned in the previous section, there is only a
single OPN1LW gene and it is located on the long arm of the X chromosome at position 28
(Xq28) 15. This location on the X chromosome makes protanomaly a sex-linked disorder and
explains the increased prevalence of the disorder found among males compared to females.
Since Protanomaly is a relatively rare form of color blindness, details on the exact genetic
cause remain difficult to determine. However, some evidence has pointed to the order in which
the OPN1LW gene appears on the X chromosome. In a study conducted in 2006, two Japanese
participants had a specific pattern of gene arrays that were unusual from what is normally
observed in normal-color individuals 31. Both participants had a green opsin (OPN1MW) gene as
their first gene, followed by an OPN1LW gene located just downstream. In addition, both
individuals also had an additional two OPN1MW genes located downstream from the OPN1LW
gene 31. While the OPN1LW gene was determined to be at the second position, normal color
vision was still expected. However, both participants were identified as having protanomaly 31.
Among the vast research performed through the 1990s and early 2000s, this was the first time a
green-red opsin gene order had been reported 31.
An additional finding from this research was that while no mutations were observed in
the introns or exons of the OPN1LW gene, both participants had an A71C substitution in the
promoter region of the gene 31.
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An earlier article on genotype-phenotype relationships in red/green color defects
conducted in 1992 mentions similar findings. These researchers observed that individuals who
were carriers for a fused red-green gene, with additional normally functioning OPN1MW genes
largely became protanomalous, with few exceptions 32. Three participants in particular had only
a single 5’ red-green 3’ hybrid gene. In each of the three subjects, the fusion of the OPN1LW
and OPN1MW genes took place either at intron 2, 3, or 4 32. The results of their study helped
show that the replacement of three hydroxyl-bearing amino acids on exon 5 from the OPN1LW
gene (Tyr 277, Thr 285, and Tyr 309) with the corresponding hydrophobic amino acids in the
OPN1MW gene (Phe 277, Ala 285, and Phe 309) were sufficient to create a photopsin protein
that is spectrally similar to a normal OPN1MW gene in function, thus leading to protanomaly in
these individuals 32. These researchers hypothesize from their study that any individual with a
single 5’ red-green 3’ (OPN1LW-OPN1MW) hybrid gene will develop as a protanomalous
individual 32.
Protanopia
Protanopia is a form of red-green color blindness similar to protanomaly. However,
instead of a malfunctioning red photopsin cone from the OPN1LW gene, individuals with
protanopia completely lack the red photopsin cones from the OPN1LW gene. With no red
photopsin cones, people diagnosed with protanopia are unable to see any ‘red’ light and are
likely to confuse black for most hues of red 33. Individuals with protanopia also may find
difficulty distinguishing dark brown with dark green, mid-greens with hues of orange, and some
purples with hues of dark pink (Figure 6) 33. Protanopia is also classified as a deuteranope rather
than a tritanope since there are only two cones functioning in these individuals compared to
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normal color-vision subjects. This form of color blindness is prevalent to about 1.3% of all males
and about 0.02% of all females 34. As with the other red-green forms of color blindness,
protanopia is a sex-linked disorder since the OPN1LW gene is located in the X chromosome.
The exact cause for the complete loss of functional red photopsin cones remains unclear.
Some researchers believe that if the fusion of the OPN1MW and OPN1LW genes occurs
upstream of exon 3, protanopia may develop since the gene will essentially code for a green
photopsin cone 35.
Deuteranopia
Deuteranopia is an X-linked recessive disorder affecting the medium wavelength
photopsin cones. This form of color blindness is like protanopia in that there is a complete
deletion of one type of cone: in this case, the green photopsin cone from the OPN1MW gene.
Individuals diagnosed with deuteranopia will see colors only through the lens of their other two
cones (red and blue cones) and will be unable to detect hues of green which will drastically
change the way in which they perceive colors. Individuals with deuteranopia will see a unique
set of colors where normal red hues will appear brown and normal green hues appear more
yellow (Figure 6). This alteration in color perception causes most of the world – from the eyes of
a patient with deuteranopia – to appear as a combination of yellows and browns.
As with protanopia, deuteranopia falls under the category of deuteranopes since there are
only two functional types of cones opposed to three in normal color-vision individuals.
Deuteranopia is not very common in most individuals, accounting for only 1.2% of all males and
around 0.01% of all females 34.
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Deuteranopia is a condition caused by point mutations in the medium wavelength
photopsin that is coded by the OPN1MW gene which produce non-functional M-cones 36. Only
one mutation has been directly linked to causing nonfunctional cones and that is C203R. This
point mutation causes the replacement of arginine with cysteine at the 203rd amino acid. The
specific point mutation most frequently observed is the substitution of a thymine with a cytosine
37

. However, little information is known about how exactly this mutation causes a non-functional

medium wavelength photopsin.
One study suggests that the C203R mutation causes errors in the folding of the medium
wavelength photopsin protein 38. The study showed that photopsin possibly relies on a disulfide
bond between the 3rd transmembrane helix and the 2nd extracellular loop which gets disrupted in
the C203R mutation. This disruption in the disulfide bond leads to errors in the tertiary folding of
the protein and may present problems in transportation of the medium wavelength photopsin
from the endoplasmic reticulum to the Golgi apparatus. Also, this folding may affect the
functionality of the protein 38. This information is consistent with a protein found in rods called
rhodopsin. Rhodopsin shares many similar characteristics with photopsin and has an amino acid
structure that is nearly 44% similar 22. In rhodopsin, 85% of people with retinal pigmentosa (a
form of slow vision loss 39) have had mutations that effect the transport of the rhodopsin from the
endoplasmic reticulum to the Golgi apparatus 40.
Another study showed that the A70C mutation on the OPN1MW gene may be a source
for the nonfunctional medium wave photopsin. In the study 32 out of 35 males with some form
of green color blindness (deuteranopia or deuteranomaly) had a nucleotide substitution resulting
in the replacement of alanine for cysteine (A70C) on the medium wavelength photopsin protein
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at the second position of the promoter region 41. While it remains unclear how this mutation
specifically effects the medium wavelength photopsin protein, one idea is that the cytosine
mutation is a source for DNA methylation which causes the gene to be suppressed, resulting in
the lack of medium wavelength photopsin protein 42.
Blue-yellow Color Blindness
Blue-yellow color blindness is far less common than red-green color blindness due to the
chromosome that the OPN1SW gene is located on. There are also only two different forms of
blue-yellow color blindness and they are referred to as tritanomaly and tritanopia. As mentioned
previously, while the OPN1MW gene and the OPN1LW gene are both located in a tandem array
on the long arm of the X chromosome, the OPN1SW gene is located on the long arm of
chromosome 7 at position 32.1 (7q32.1) 13. The fact that the OPN1SW gene is not located on a
sex chromosome indicates that the prevalence of blue-yellow color blindness should not
necessarily be gender specific. And while there are varying statistics for the prevalence of blueyellow color blindness worldwide, the average total percent population affected is along the lines
of 0.05% of all humans 34.
Tritanomaly
Tritanomaly is the more common of the two types of blue-yellow color blindness and can
be found in about 0.01% of men and about 0.01% of women 34. Much like deuteranomaly and
protanomaly, tritanomaly is not the absence of a specific type of cone, but rather a
mutation/defect of a cone. The blue photopsin cone encoded by the OPN1SW gene is the
malfunctioning cone in tritanomaly, and will cause individuals to see in the world around them in
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varying hues of pink and turquoise in replacement of orange, yellow, red, blue, green and violet
(Figure 6) 43. Opposed to the other forms of color blindness previously discussed, this form of
color blindness is also thought to be dominant rather than recessive in nature with incomplete
penetrance 44.
Very few studies have been conducted to discover the genetic causes for tritanomaly. One
possible explanation for this might be that the prevalence for this form of color blindness is
extremely low compared to deuteranomaly or deuteranopia. While it is known that the mutation
of the blue photopsin cone is the cause of tritanomaly, information regarding a defect in the
OPN1SW gene, improper post-transcriptional modification of the blue photopsin cone, or errors
in the transport of the photopsin protein all remain probable causes for this form of color
blindness.
Tritanopia
Like the other forms of color blindness ending in “-opia” previously mentioned,
tritanopia is the total absence of a particular cone, leaving the individual with only two functional
types of cones. In tritanopia, the blue photopsin cone is completely missing, leaving the color
detection of the eye solely to both the red and green photopsin cones. And just like in
tritanomaly, tritanopia is an autosomal dominant disorder that has incomplete penetrance
throughout the population 45.
Statistically, tritanopia is the only form of color blindness that is found slightly more
frequently in women than in men. The percentage of the female population with tritanopia is
about 0.03%, while only about 0.001% of males display tritanopia 34. Individuals with tritanopia
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see a more pronounced pink, while colors such as yellow are almost undetectable 43. In addition,
individuals with tritanopia may see gray in replacement of light blue, black rather than purple,
red instead of orange, and some blue instead of medium green (Figure 6) 43.
Surprisingly, while tritanopia is the rarest form a dichromacy (having only two functional
types of cones), there has been one research article published in 1992 that discusses a possible
cause for this disease. However, it is important to note that this article refers to tritanopia as
encompassing both a complete absence or a mutation in the number of blue photopsin cones,
meaning that this information is relevant to both tritanopia and tritanomaly 46.
These researchers found that two specific amino acid substitutions took place in 4 out of
the 9 tritanopia/tritanomaly individuals that were analyzed. These findings seem promising when
compared to the 0 out of 43 individuals in control group 1 displayed these amino acid
substitutions, and 0 out of the 84 individuals in control group 2 displayed the substitutions 46.
One of the two substitutions was the replacement of a glycine for an arginine at the 79th amino
acid (G79R) in the OPN1SW gene of chromosome 7. The other mutation was the substitution of
serine for proline at the 214th amino acid (S214P) in the OPN1SW gene 46.
While the mechanism of malfunction/deletion caused by these amino acid substitutions is
still unknown, researchers hypothesize that the G79R substitution may affect the folding
properties of the protein since arginine is a much larger amino acid than glycine and is also
positively charged. An earlier research article supports this claim by showing that the
substitution of a positively charged amino acid such as lysine, arginine, and histidine for a nonpolar amino acid in rhodopsin (a similar protein to photopsin) lead to the complete loss of
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function of rhodopsin in some cases 47. It is also likely that the S214P substitution causes some
form of folding/structural problem within the blue photopsin cones since proline is notorious for
disrupting alpha-helical structures by putting a kink in the alpha-helix 47.
In addition to this article, other diseases/events have been linked to causing tritanopia. A
few examples of this include exposure to ultraviolet light or even blunt trauma to the head region
48

. Furthermore, macular degeneration, which is associated with aging and diabetes, has been

linked with causing tritanopia in affected individuals 48.
Complete Color Blindness
Finally, the last major category of color blindness is known as complete color blindness.
Complete color blindness is also commonly referred to as monochromacy, but monochromacy is
technically the term given to individuals with two malfunctioning cones, leaving them with only
a one single functioning cone. However, while one cone remains functional in most forms of
monochromacy, often monochromats remain completely color blind.
As the name suggests, individuals with complete color blindness have an inability to see
colors at all. Complete color blindness is by far the rarest form of color blindness compared to
both red-green color blindness and blue-yellow color blindness. Nearly all complete color blind
individuals depend entirely on their rods to help them differentiate the world through different
intensities of light 19. While there are different subcategories of complete color blindness such as
rod monochromacy, blue cone monochromacy, and cerebral achromatopsia, most differences are
subtle, and have to do with the cause, rather than the effect of the total color blindness.
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Rod Monochromacy
Rod Monochromacy is the most common of the three subcategories of monochromacy.
However, only about 0.00001% of males and 0.00001% of females will have this form of color
blindness 34. As the name would suggest, individuals with rod monochromacy rely entirely on
their rods to differentiate the world around them. This form of color blindness is an autosomal
recessive disease and is also referred to as achromatopsia 19. As for the cones of the eye, some
cases show the cones to be absent, while other cases report that the cones are mutated in some
way 19. Individuals with rod monochromacy see colors through the lens of a black and white
movie, only being able to distinguish colors on a grayscale (Figure 6).
Unlike other forms of color blindness previously mentioned, rod monochromacy is
associated with other disorders such as photophobia (major sensitivity to light), reduced visual
acuity, and nystagmus (repetitive, uncontrollable eye movements) 49. The locus for this disorder
has been identified to be on the long arm of chromosome 2 at position 11 (2q11) 50. Research has
shown that the gene causing rod monochromacy at this locus is the CNGA3 gene which encodes
the alpha subunit of the cGMP-gated cation channel in the photopsin cones 49. This is the first
form of color blindness discussed that has not been caused by 1 of the 3 genes encoding the
different photopsin cones found in the eye.
Of the five families with rod monochromacy that were investigated, a total of 8 different
mutations were identified. These mutations include P163L, R283T, R283Q, T291R, R411T,
V529M, P547L, and G557R. However, all 8 of these mutations only caused a missense amino
acid substitution rather than a frameshift mutation. In addition, all individuals displayed
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mutations on both alleles, verifying that rod monochromacy is a recessive disorder 49. Since the
CNGA3 gene encodes the alpha subunit of the cGMP-gated cation channel – a critical part of the
visual cascade pathway – it is thought that in rod monochromacy, there is a complete loss of
function in the cGMP-gated channel 49. Researchers hypothesize that this impaired function is
caused by the mutations found on individuals with rod monochromacy, which may lead to
improper folding of the cGMP-gated channel in the plasma membrane. Another idea is that the
mutations could cause the protein to become unable to be transported into the plasma membrane
49

. However, the exact cause for the impaired function has yet to be determined.

Blue-cone Monochromacy
The second subtype of complete color blindness is blue cone monochromacy. Blue-cone
monochromacy is extremely rare, and with differing reports of individuals with this form of
color blindness, it makes it very hard to distinguish from other forms of complete color blindness
such as rod monochromacy 19. Blue cone monochromacy is caused by a deletion or
rearrangement of the OPN1MW and OPN1LW genes, leaving only the blue photopsin cones to
perceive color. However, despite having a functioning cone type, most individuals remain totally
colorblind 19.
While finding individuals with blue-cone monochromacy is difficult, a recent study
published in 2019 identified a man with blue-cone monochromacy and investigated his genome
for possible mutations 51. Upon genetic analysis, researchers discovered that abnormal mutations
were present on the NR2E3 gene (located on chromosome 15q23) known to cause enhanced Scone syndrome in humans, and the OPN1LW gene which has been linked to blue-cone
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monochromacy in the past 52, 53. The mutation that took place on the NR2E3 gene was a
substitution of a glycine for alanine at position 361 on the complementary DNA strand
(c.G361A), and the mutation that took place on the OPN1LW gene was a substitution of an
alanine for a glycine at position 244 on the complementary DNA strand (c. A244G) 51. The
location of the mutation on the OPN1LW gene was on exon 2, while all previous mutations
identified for on this gene have been on exon 4 51.
These findings of two novel mutations shown to cause blue cone monochromacy show a
greater extent of complexity found within this subclass of total color blindness. Due to these
complexities and the rareness of the disorder, there remains a large amount of information that is
unknown about this disorder such as how these mutations lead to blue cone monochromacy.
Cerebral Achromatopsia
Cerebral achromatopsia is an extremely rare form of color blindness and very little is
known about it. Only a few individuals have presented with this form of color blindness 54.
Researchers have discovered that while cerebral achromatopsia individuals see no colors in the
visual spectrum, they have fully functional cones of all three forms. In addition, the rods function
properly as well 19. Cerebral achromatopsia is also unique in that it is the only form of color
blindness identified that is not inherited from maternal and or paternal genes. It is thought that
cerebral achromatopsia can be caused by trauma or blunt force to the head which leads to a
disconnect somewhere along the signaling pathway from the eye to the brain 19.
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Diagnosis

While there are many different categories and subcategories of color blindness to
diagnose, there are also many ways to diagnose color blindness. However, the most common
way of diagnosing color blindness is through the Ishihara Plate test. This test is designed mainly
for detecting forms of red-green color blindness and can be taken online in about 5-10 minutes.
The test is performed by presenting a colored circle with miniature colored circles located within
the larger circle in the form of a mosaic (Figure 9). Within the larger circle is a number, and the
smaller circles are different hues of the color of the wheel. Individuals that find it difficult to see
the number within the circle may be subject to a specific form of color blindness which is
determined by the specific colored circle they are observing. The current test utilizes 38 different
circles before assessing the color vision of the test-taker 55.
While this test is free to take online, relatively fast, and used to diagnose the more
common types of color blindness, many people question the accuracy of the test. A study
conducted by Birch in 1997 investigated the different types of plates used and the accuracy of
each group of plates. The researcher showed that out of 401 people with a form of red-green
color blindness, the Hidden Digit plates (plates 18-21) were only accurate about 50% of the time
when identifying color blindness, where the Transforming plates (plates 2-9) and the Vanishing
plates (plates 10-17) were accurate 98.7% of the time in identifying individuals with red-green
color blindness 56. Another study conducted by Murat showed that more than 95% of
ophthalmologists use Ishihara Plate Tests in their daily practice, yet 85% of the ophthalmologists
agreed that the test did not meet their needs in full 57.
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Color vision is interesting to diagnose since theoretically, one individual’s interpretation
of what a color looks like could be completely different from another individual’s interpretation,
and both people would still believe they are talking about the same color. Therefore, while the
Ishihara Plate Test is beneficial as a basic indicator of color blindness, it should not be viewed as
a confirmed diagnosis without the addition of other tests and a discussion with a licensed
ophthalmologist.
Cures and Treatments
While it has been over 200 years since John Dalton first identified color blindness, there
currently remains no known cure 58. In addition, up until the last decade, there were no known
treatments for color blindness either. However, in 2010 a pair of glasses made by Enchroma was
invented to help treat certain types of color blindness 59.
This treatment involves the use of colored filters which filter out specific wavelengths of
light that are commonly overlapped, which is common among many different types of color
blindness such as deuteranomaly and protanomaly (Figure 7C) 59. While the individuals using
Enchroma glasses are still limited from seeing the full visible light spectrum, it enables the
individual to discriminate between the different colors observed which were previously
indistinguishable due to the overlapping signals found in some forms of color blindness 60.
Nonetheless, this treatment has limited success on patients with an absence of a particular cone
such as deuteranopia and protanopia since they involve the loss of a functional cone, rather than
the overlapping of cones 59. In addition, the developers of Enchroma glasses have chosen to
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focus on creating glasses specifically for red-green color blindness since it accounts for nearly
80% of all color-blind cases 59.
While this focus on red-green color blindness leaves individuals with blue-yellow color
blindness (particularly tritanomaly) without a cure, the developers have been able to make great
strides towards perfecting glasses for red-green color-blind individuals. In a new study that came
out this year, researchers showed that red-green color-blind individuals who used Enchroma
glasses were able to distinguish colors that they were not able to before, even without wearing
the glasses 61. One individual with deuteranomaly in particular stated that when wearing the
Enchroma glasses he noticed his girlfriend’s brown hair had red in it, and even without the
glasses on, he was still able to see the difference 61. While no research has been conducted as to
the longevity of this “revived color-vision” post wearing Enchroma glasses, these findings are
encouraging to color blind individuals who may be able to regain normal color vision without the
daily use of Enchroma glasses.
Avenues of Hope
While there remains little information about some forms of color blindness such as
protanopia, tritanomaly, and blue cone monochromacy, future work should continue to focus on
the major forms of color blindness such as deuteranomaly, protanomaly, and deuteranopia since
these forms of color blindness affect a larger number of individuals. By focusing on the more
popular forms of color blindness, future discovers/breakthroughs will affect a larger population.
In addition, there remains the potential that the future findings can be utilized in other, less
common forms of color blindness.
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One avenue of hope for the future would be to conduct experiments on mice that have a
5’-green-red-3’ hybrid gene located just downstream of red photopsin gene, and a third, normal
green photopsin gene present downstream of the hybrid gene. Crisper-Cas-9 could then be used
to silence or remove the 5’-green-red-3’ hybrid gene and studies could be conducted to
determine if the colored vision of the mice returns to normal. Findings previously mentioned
show strong support that only the first two photopsin genes are activated in humans. Therefore, if
the 5’-green-red-3’ hybrid gene could be removed prior to the formation of the eye in
development, the activation of the downstream, normal green photopsin gene may become
activated as a replacement. If these studies proved successful in mice, there could be a potential
that a prescreening for this hybrid gene in humans could prevent patients from developing
deuteranomaly, and possibly other forms of color blindness if the detection were early enough.
Another possible avenue for exploration would be to investigate how the supposed A70C
mutation on the OPN1MW gene can cause the deletion of functional green photopsin cones. One
suggestion supported by Ueyama H., et al. is that this mutation becomes a site for DNA
methylation which could lead to the gene becoming silenced and thus not produce any green
photopsin cones 41. If this is the case, then future work could attempt to demethylate the mutated
amino acid on the OPN1MW gene which may activate the production of the green photopsin
cones in individuals with deuteranopia.
Conclusion
Color blindness has been shown to affect nearly 8-10% of all humans, with many
different types of color blindness being identified within the last century. The scientific
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understanding of color blindness and all its different forms has come a long way since John
Dalton first theorized that the vitreous humor was the cause of color blindness in 1794. Within
the major categories of color blindness such as red-green, blue-yellow, and complete color
blindness, more than 8 different types of color blindess have been identified to date. Each of
these forms of color blindness presents a unique world to the individual defined by limited
patterns of detectable vision. In addition, each type of color blindness has been linked with one
or more genetic defects that are unique to any other form of color blindness currently known.
Under normal physiological conditions, all three types of cones in the eye are produced
from the OPN1SW, OPN1MW, and OPN1LW genes. However, while many defects that lead to
color blindness take place on these genes, other genes such as the NR2E3 gene have also been
linked to some forms of color blindness. This information demonstrates that we still have much
to learn concerning the pathways associated with color detection.
In the last decade, Enchroma glasses have helped individuals with color blindness detect
color more accurately. However, this treatment only works on limited types of color blindness
and the glasses must be worn for enhanced color detection to be effective. Therefore, much more
work needs to be done in the field to create better treatments and possible preventions for
individuals who suffer from color blindness across the globe. One avenue of hope for the future
is to investigate the silencing of 5’-green-red-3’ hybrid genes on select individuals with color
blindness. Silencing of the hybrid gene via Crisper-Cas-9 could lead to the activation of a normal
green photopsin gene if it is located downstream of the hybrid gene. If successful, this procedure
could be a potential prevention for specific types of color blindness if it were detected early
enough.
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Appendix A

Figure 1. The electromagnetic spectrum showing the small portion of the visible light
spectrum. The seven different categories of light separated by wavelength are known as radio,
microwaves, infrared, visible, ultra-violet, X rays, and gamma rays. While the full
electromagnetic spectrum spans nearly 1024 meters, the visible light spectrum is only from 300700nm in length. Figure acquired from 62.
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Figure 2. Visible light spectrum relative to the entire light spectrum. The entire spectrum of
light spans nearly 1024 m in total. The small field of vision detectable to the human eye is at the
highest energy, lowest frequency end of the spectrum found between 400-700 nm (4.0 X 10-7 –
7.0 X 10-7 m). It is within this small 300 nm range that all the colors detectable to the human eye
are observed. Figure modified from 63.
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Figure 3. Diagram of how light enters the eye and the layers of the retina. Light enters
through the pupil of the eye, then gets sent through the lens and onto the back of the retina. The
light first passes through the ganglion cells, then through the bipolar cells to first get processed
by the photoreceptor cells (rods and cones). The visual information is then sent backwards to the
bipolar cells, then to the ganglion cells, and finally to the optic nerve where the information is
sent to the brain for processing. Figure modified from 64.
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Figure 4. Absorption spectrums of the 3 different cones found within the eye. The yellow
line indicates the visible light that humans can detect. It is this light that, depending on its
wavelength, will get detected by a combination of three different cones found within the human
eye. Blue photopsin cones (S-cones) detect light at the smallest wavelengths of the normal visual
field, while green photopsin cones (M-cones) detect light in the middle of the visual field and red
photopsin cones (L-cones) detect light at the largest wavelengths of the visual field. Normal
vision results from the proper functioning of these 3 different cones. Figure modified from 65.
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Figure 5. Theoretical phototransduction cascade of photopsin based off the known
rhodopsin pathway. This phototransduction cascade has been partly identified while other parts
have been taken from the known rhodopsin chemical transduction pathway. The apoprotein
photopsin with bound 11-cis retinal separates upon specific light entering the cone allowing free
photopsin to convert transducin-GDP to transducin-GTP which in turn activates PDE that breaks
down cGMP. Subsequently, cGMP channels are closed, leading to a series of events that activate
ganglion cells to release glutamate. The release of glutamate from ganglion cells stimulates an
action potential that gets sent to the brain via the optic nerve for processing.
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Figure 6. Visual electromagnetic spectrums for different forms of color blindness. Bar 1
represents the visual field of an individual with normal colored vision. Bar 2 represents the visual
field of an individual with Deuteranomaly. Bar 3 represents the visual field of an individual with
Protanomaly. Bar 4 represents the visual field of an individual with Protanopia. Bar 5 represents
the visual field of an individual with Deuteranopia. Bar 6 represents the visual field of an
individual with Tritanopia. Bar 7 represents the visual field of an individual with Tritanomaly.
Bar 8 represents the visual field of an individual with Achromatopsia. Figure modified from 66.
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(B)

(C)
Figure 7. Simplified versions of cone overlap with normal and red-green color-blind
individuals and how Enchroma glasses aid color blindness. (A) Simplified diagram of an
individual with normal colored vision. The curves represent how each of the three cones overlap
with each other normally. (B) Diagram of an individual with red-green color blindness. The
image shows how the green cone is shifted over more of the red cone and causes an increased
overlap between the two cones. (C) Diagram of an individual with red-green color blindness
using Enchroma glasses. The image shows how Enchroma glasses block the part of the cones
that have been overlapped in red-green color blindness. Figures modified from 67.
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(A)

(B)
Figure 8. Order of red and green photopsin genes on Xq28 for normal color vision
individuals and those with deuteranomaly. (A) One type of gene array for red and green
photopsin genes found in individuals with normal color vision. For normal individuals, the first
position is always the red photopsin gene and the second position is always the green photopsin
gene. Downstream of these two genes, 5’-green-red-3’ hybrid genes, as well as additional green
photopsin genes have been found to be present in some individuals with normal color vision. (B)
The gene array of individuals studied with deuteranomaly. For people with deuteranomaly, the
first position was the red photopsin gene, and the second position was the 5’-green-red-3’ hybrid
gene. Downstream from these two genes, other normal green photopsin genes were found to be
present in some individuals with deuteranomaly.
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Figure 9. Plates from the Ishihara Plate test used to diagnose color blindness. Various plates
such as the ones show here are used in the Ishihara plate test to diagnose color blindness. The
test works by coloring a series of circles within a larger circle a specific color to determine an
individual’s ability to distinguish various color combinations. If the individual fails to see a
specific number within the larger circle, this may be an indication that the individual has
difficulty distinguishing between the colors presented on the plate, and can help diagnose the
specific type of color blindness the individual suffers from. Figure acquired from 68.

